A lthough cases of pile distress and fatigue have been noted in several severe recent earthquakes, most of them occurred as a result of deficiencies in pile design due to inadequacies in soil analysis or overall building design. None of the failures observed, incidentally, used prestressed concrete piling in their construction. Nonetheless, the failures demonstrate that prestressed concrete piling should possess ductility at certain key locations, and that current provisions for ductility are in some cases inadequate.
Observations of pile performance in Anchorage, Alaska (1964-8.4 Richter magnitude), Niigata, Japan (1964-7.5 Richter magnitude), Caracas, Venezuela' (1967-6.5 Richter magnitude), San Fernando, California n (1971-6.6
NOTE: This article is based in part upon a paper presented by the author on October 4, 1980 , at the New Zealand Prestressed Concrete Institute Annual Conference at Wairakei, New Zealand.
Richter magnitude), and Imperial County, California3 (1979-6.6 Richter magnitude), coupled with several laboratory and model tests conducted mostly by the Japanese, lead to the following conclusions regarding pile behavior and performance during earthquakes :1,4 1. Deeply embedded portions of piling appear to move with the soil mass during an earthquake.
2. If the surrounding soil fails by liquefaction or shearing, the pile will fail and the supported structure will probably also fail.
3. If the soil does not fail, the deeper portions of the pile will not fail regardless of the structural damage occuring above.
4. Batter piles exert large and possibly damaging reaction forces on pile caps.
5. Unrestrained pile caps may not move in phase with the soil, placing extremely large shears on the pile at the pile cap interface. 6 . Piles do not resist the soil mass except in the butt area, under certain circumstances.
7. The use of restrained pile foundations does not alter the horizontal response of the structure.
8. Embedded piles are bent into curvatures of various radii when layered soils undergo cyclic movement.
9. Lateral shears and moments in the pile butt area are reduced by as much as 85 percent when the pile cap is restrained by grade beams, basements, or by the otherwise keying into the soil.
10. Critical moment-curvature locations in restrained pile foundations are at the pile/pile cap interface and deeper, at the point of fixity in the soil mass. Free standing (cantilevered) pile structures and unrestrained pile caps have a potential plastic hinge region at a point of high shear and moment at the pile/pile cap interface.
EXISTING PILE TEST INFORMATION
Several series of tests have been conducted in California to ascertain the elastic and post-elastic behavior of particular prestressed concrete piling sections. Details of three of these tests are summarized below:
1972 Santa Fe Pomeroy Tests (Fig. 1) The elastic limit deflections and curvatures were ascertained for 16 and 18 in. (406 and 457 mm) square piling. The piling was prestressed to induce an effective precompression of 700 psi (4.82 MPa) and confined with W3.5 (5.4 mm) spiral steel spaced at a 6-in. (150 mm) pitch.
The piling was subjected to an axial load of 600 kips (2.7 
12" SO. 
Santa Fe Pomeroy Test
The elastic limit deflection and curvature for a 12-in. (305 mm) pile with 700 psi (4.82 MPa) effective precompression and nominal spiral confinement (W3.5 at 6 in.) (5.4 mm at 150 mm) were determined. The pile was subjected to an axial load of 200 kips (9.0 x 105 N) (0.23 fc Ag ) by post-tensioning and loaded monotonically to failure by loading at the center of the 30 ft (9.1 m) pile span. The pile developed an elastic curvature of 2.8 x 10 -4 in.-' (1.1 x 10 -5 mm-') at midspan (Fig. 2) , followed by an immediate and sudden failure.
PCMAC/Santa Fe Pomeroy Tests5
Several different 12 in. (305 mm) square pile specimens were tested in a program sponsored by the Prestressed Concrete Manufacturers Association of California (PCMAC). Two significant specimens are worthy of discussion. Specimen 1 was prestressed to induce an effective precompression of 700 psi (4.82 MPa) and confined with W3.5 (5.4 mm) spiral steel spaced at a 6-in. (150 mm) pitch (see Fig. 3 ). Specimen 2 was identical to Specimen 1 except for the confinement steel, which was W8.5 (8.4 mm) spiral steel spaced at a 2-in. (50 mm) pitch (Fig. 4) .
The spiral reinforcing ratios were pS = 0.003 and p $ = 0.021 for Specimens 1 and 2, respectively. (Note that p8 is the volume of spiral reinforcing divided by the volume of the confined concrete core.)
Each specimen was loaded axially to 300 kips (13.5 x duct cast into the pile (see Fig. 5 ). This force amounted to a load level of approximately 0.35 f,A0, which does not include the added precompression induced by the pile pretensioning. The duct was subsequently grouted. Third point loading was applied cyclically, gradually increasing in magnitude with full load reversals for each cycle (see Fig. 6 ). Specimen 1 failed after ten cycles of loading, developing an elastic curvature of 3.1 x 10-4 in.-' (1.2 x 10-5 mm ') at midspan. The failure was sudden, complete, and brittle (see Fig. 7 ). Specimen 2 experienced first cracking after eleven cycles of loading at almost the same curvature as Specimen 1 (3.8 x 10-4 in.-') (1.5 x 10-5 mm-1 ). However, after a drop in moment from 150 to 28 kip-ft (20.3 to 3.8 N-m), eleven more cycles were applied and an ultimate curvature value of 10.7 x 10 -4 in.-' (4.2 x 10-5 mm-1 ) at midspan was sustained.
At this point the pile still carried the full 300 kips (13.5 x 105 N) of axial load in addition to a lower level of applied moment, and the pile still had not failed. After initial cracking, the exterior concrete began to spall, and from that point on the pile demonstrated classical ductile behavior throughout the inelastic range of the specimen.
The test on Specimen 2 ended without causing failure of the pile (see Fig. 8 ). Specimen 2 developed a deflection ductility factor of almost four.
Important knowledge was gained from the Santa Fe Pomeroy and PCMAC tests regarding the performance of prestressed concrete piling during earthquakes. Moreover, it was also determined that more testing is required to be able to make more definitive detailing recommendations for prestressed concrete piling. Some of the items learned were:
1. The standard W3.5 spiral steel spaced at a 6-in. (5.4 mm 4) at 150 mm) pitch does not provide sufficient confinement in the post-cracking situation, i.e., induced curvatures over 2.5 to 3.0 x 10-' (1.0 to 1.2 x 10-5 mm-') result in sudden brittle failures in all cases. 
DESIGN FOR INDUCED CURVATURES AT DEPTH
Margason' gives a number of references for analyzing bending at the pile/pile cap interface and at the point of apparent fixity near the ground surface. The balance of this section will deal with the problem of induced curvatures occurring at a specified depth, especially due to the action of layered soils of varying stiffnesses.
The localized occurrence of large curvatures in a pile was covered in a paper given at the 1974 FIP Congress in New York City by Bertero, et al .6 In this paper the authors offered a few alternatives which would better accommodate the induced curvature problem, such as using smaller, more flexible piles, or by providing increased spiral reinforcement in the pile. These design guidelines appear to be the most practical methods of increasing the strain capacities of prestressed concrete piling.
The first step in the designlanalysis of the piles subjected to extreme curvatures is to estimate the amount of curvature which will be induced, given the characteristics of the soil profile existing at the particular site under consideration. Margason and Holloway' give a good overview of this design procedure for some soil conditions in the San Francisco Bay Area. After establishing a design acceleration-time history plot and knowing the soil profile, the horizontal soil displacement can be calculated. Earlier analyses using lumped mass-shear spring analogies yielded values of curvature versus depth which were much lower than those obtained by a more rigorous One of the first examples of pile bending design for layered soil induced curvatures was for the Shaklee Office Building in Emeryville, California (designed in 1971 1 ). Using the lumped mass analysis described above, the maximum induced curvature and moment were calculated. The pile was then reinforced by adding mild steel bars in addition to the normal prestressing present to satisfy the value of induced moment. The confinement reinforcing used in the pile was standard W3.5 (5.4 mm) wire on a 7½-in. (190 mm) pitch.
The pile section was 12 in. (300 mm) square and was reinforced with six #8 (25.4 mm 0) bars in addition to the six 7/16 in. diameter, 270 kip (11 mm 0, 1860 MPa) prestressing strand normally used inthe 12-in. (300 mm) square pile. Note that the use of additional longitudinal mild steel was intended to improve ductility. This, however, was an erroneous conclusion as is shown by the behavior of compression elements in curvature tests in addition to the actual piling performance in earthquakes.
Confinement reinforcing has been referred to in two ways in the technical literature (see Fig. 9 ). Gerwick8 refers to spiral percentage as a function of nominal reinforcing area to cross-sectional area [see Eq. (1)]. ACI 318-779 defines the spiral reinforcing index (pa) as the ratio of the volume of the spiral reinforcing to the volume of the confined concrete core [see Eq. (2)]. The latter definition is the more precise one, and will be used for the balance of this article.
During the time the Shaklee Building was being designed, the San Fernando earthquake occurred . 2 The extensive damage suffered by the Olive View Hospital contained some built-in lessons regarding reinforced concrete column detailing. The basic scheme for lateral resistance provided in this fivestory reinforced concrete structure was a shear wall system in the top four levels, supported by columns at the first floor. One side of the building was open at the basement level, where the bottom two levels were a flexible frame. Nearby ground accelerations during the quake were recorded at over 0.7g.
Some of the 26 in. (660 mm) square columns at the ground floor were detailed with % in. diameter (15.9 mm ¢) spiral steel at a 2 1/4-in. (57 mm) pitch (p8 = 0.025). Other columns, particularly the corner columns, had only nominal tie steel (#3 at 18 in.) (9.5 mm 0 at 460 mm) containing the vertical bars. The spectacular movement and tremendous overturning forces to which these columns were subjected provided a full scale test of the effectiveness of properly designed confinement reinforcement (see Fig. 10 ).
The corner column with nominal ties was completely shattered, while the spiral reinforced column remained intact despite significant lateral movement and high induced bending moments and axial load. Obviously, once the elastic limit of nominally tied columns is exceeded, sudden failure is imminent, especially under cyclic loading. Although the Olive View Hospital columns were not prestressed, the value of confinement reinforcing for providing ductility is directly applicable to prestressed concrete piling. 
DESIGN FOR CURVATURE BY PROVIDING HEAVIER SPIRAL REINFORCING
The 1976 pile ductility tests conducted by PCMAC showed the merits of using spiral confinement to achieve ductile piling performance in place of merely adding longitudinal mild steel reinforcing to the piling, which only increases the static moment capacity, but does not significantly change the elastic curvature character of the pile, nor provide post-cracking ductility.
A restaurant project in Emeryville, California, near the site of the Shaklee Building discussed above, was originally designed with prestressed concrete piling with nominal W3. A plot of maximum elastic curvatures that can be sustained by various piling, based upon the tests described above, shows that the induced curvatures will exceed post-elastic values for earthquakes stronger than about 6.0 in magnitude (see Fig. 11 ). Therefore, it is recommended that a confinement spiral reinforcing ratio p8 = 0.014 be provided to insure adequate ductility to develop moment curvatures associated with layered soil effects on embedded piles.
Based upon current knowledge, the following conclusions may be drawn regarding the design for pile bending during earthquakes.
1. The pile bending problem is one of geometry and ductility, rather than moment capacity.
2. Pile foundations should be keyed into the soil.
3. Pile-pile cap embedments should develop strength in tension in addition to providing resistance to punching shear through the cap.
4. Spiral confinement reinforcing should be provided at the potential plastic hinge region at the pile/pile cap interface for cantilevered and unrestrained pile foundations. The amount of confinement reinforcing should be that required for ductile moment resisting frame columns.
RECOMMENDED SEISMIC DESIGN PROVISIONS FOR PRESTRESSED PILING
The dual response criteria for designing structures for earthquakes is presented in the recommended lateral force requirements of the Structural Engineers Association of California," as well as in ATC 3-06. 12 Prestressed concrete piling should be designed for serviceability in a moderate earthquake, in addition to being capable of developing ductility at critical points of potential plastic hinging in order to dissipate energy generated by a maximum probable PCI JOURNAUMarch-April 1983 earthquake and provide safety against pile failure.
To ensure serviceability and ductility in prestressed concrete piles in seismic areas, the following design provisions are recommended.
Design for Serviceability
Provide reinforcement for shear and flexure as indicated by factored loads from ACI 318-77, Section 9.2.2:
As an alternative to the above, provide reinforcement as indicated by dynamic analysis using an appropriate linear elastic response spectra. In cases where it is not possible to incorporate these amounts of confinement in smaller precast pile sections, a cast-in-place concrete pile build-up may be used to satisfy the above requirements (see Fig. 15 ). Where minimum cover requirements are 1 1/a in. (32 mm) clear (ACI 318, Section 7.7.2), the use of a secondary overlapping spiral section may be used in the plastic hinge region to satisfy the above requirements (see The commentary to the New Zealand Code also contains a good discussion of moment-curvature exhibited by confined concrete at various axial load levels, and how the current relationships for calculating confinement steel do not reflect the actual ductility requirements of the concrete section, but are formulas which calculate the confinement required to sustain a given axial load after the concrete cover has spalled off. Park and Paulay14 also indicate how the ACI confinement relationships may be overly conservative when used to calculate the required confinement for smaller cross sections. However, the existing relationships are used as conservative interim provisions until more realistic procedures for calculating confinement reinforcing based upon actual moment-curvature analyses are developed.
Design for Ductility*
Charts of spiral confinement sizes and spacings for various standard sizes of prestressed concrete piling and values of p8 are presented in Table 1A1 through 1B2. 
FABRICATION AND INSTALLATION CONSIDERATIONS
The use of heavier spiral in prestressed concrete piling changes the manufacturing technique used by most producers in setting up their pile lines. W3.5 (5.4 mm) spiral steel may be turned to the proper diameter and then collapsed accordian style on long set-up rigs such as that shown in Fig. 17 as' an automobile spring tends to return to its original pitch when compressive loading is released. Fig. 18 shows a W11 (9.5 mm 0) spiral steel coil with a coil diameter of 8 in. (200 mm) and a 2-in. (50 mm) pitch resisting an attempt to collapse it. It also appears that spiral sizes above W14 (10.7 mm) are extremely difficult to roll in spiral diameters below 12 in. (300 mm). The use of internal vibration equipment in many plants will dictate a minimum spiral pitch of not less than 2 in. (50 mm).
The heavier spiral sections are placed in the molds at the top portion of the pile throughout the entire ductile range and lapped two turns with the lighter spiral used for the body of the pile. In situations where the spiral confinement must be lapped within the ductile zone, such as in locations where plastic hinge confinement spiral meets lighter confinement in the ductile zone, a threelap splice combined with a hook as shown in Fig. 19 is suggested.
In the field, uncertainty in the final as-built pile top elevation will dictate tolerance dimensions used in calculating the length of the ductile range (see Fig. 20 ). As was mentioned above, plastic hinge confinement requirements for smaller pile sections will require that the top of the pile be jack hammered apart, exposing the confinement steel and prestressing strand for forming a field poured pile build-up with a field placed spiral, probably most economically formed with a sonotube. Field anchor dowels may be placed also, either apart from the pile along with the exposed strand, or within the Test information pertaining to the embedment of the tops of prestressed concrete piling into pile caps has existed for several years. Concrete Technology Associates, in Tacoma, Washington, in 1974 published the results of extensive tests verifying the adequacy of both exposed strand 15 and mild steel dowels 16 in providing tension embedment, such as is required in connections between piling and pile caps. finement provided by using ASTM A648 wire (hard drawn steel wire for prestressed concrete pipe) (Tables 2A1  to 2B2 ). By using these high strength wires, the total ductility requirements of Eq. (3) can be incorporated entirely in the precast pile section without the necessity of using a cast-in-place concrete pile build-up or an outer spiral cage in the pile at the plastic hinge region.
ASTM A648 wire is available in sizes up to W7.5 (7.9 mm 0) and exhibits bending properties which permit it to be rolled into spiral coils. Recent testing by the Japanese 18 shows the value of very high strength wire confinement [yield strengths of up to 200 ksi (1378 MPa)] to improve the curvature ductility of prestressed piling.
SUMMARY AND CONCLUSIONS
Design and detailing recommendations are presented for prestressed concrete piling subjected to earthquake loading. Ductility is improved by con- 
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fining the concrete with spiral wire reinforcing conforming to state-of-the-art code equations for ductile moment resistant compression members. Current code relationships used to calculate confinement to satisfy seismic ductility demands are inappropriate and further testing is required, coupled with analytical studies to determine a more precise and rational model for confinement requirements related to curvature ductility rather than to axial load carrying capacity.
Future investigations are also required to refine detailing provisions for anchorage of spiral confinement in ductile regions, in addition to developing design criteria for hollow-core prestressed concrete piling.
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APPENDIX -NOTATION
A^ = area of core of spirally reinforced pile section, measured to outside diameter of spiral Ag = gross area of pile cross section Abp = area of transverse spiral wire (one leg) D = dead load, or related internal moments and forces (unfactored service load) DSp = diameter of confined concrete core contained by outer spiral. cage in cast-in-place concrete pile build-up or in precast pile section in plastic hinge region, measured center-to-center of spiral reinforcement d39 = diameter of confined concrete core in pile section, measured center-to-center of spiral reinforcement E = load effects of earthquake, or related internal moments and forces (unfactored service load) f = distance from point of beginning of passive resistance of soil to lateral pile forces, to point of maximum moment in pile below soil surface (see Reference 17) = specified compressive strength of concrete fv$" = specified yield strength of spiral reinforcement H = overall gross width or diameter of pile build-up h = overall gross width of precast pile section K = curvature of bent precast pile section, taken as the inverse of the radius of curvature (1/R ) L = live loads, or related internal moments and forces (unfactored service load) ld = development length of vertical reinforcing axial load acting on section, including seismic effects R = radius of curvature of bent precast pile section S. = pitch of spiral reinforcing; center-to-center spacing of adjacent spiral turns T = allowance for uncertainty in final vertical as-built pile position, used in determining length of ductile region for required confinement reinforcing U = total required strength to resist various combinations of factored dead, live, and earthquake loads or related internal moments and forces. (Total factored/ultimate load acting on pile section.) V. = nominal shear strength of pile section Vu = factored (ultimate) shear acting on pile section A = centerline deflection measured during pile bending tests, used to calculate approximate curvature values p., = ratio of volume of spiral reinforcement to total volume of core (out-to-out of spirals) of spirally confined precast prestressed concrete pile section, or cast-inplace concrete pile build-up section = strength reduction factor taken from ACI Building Code, Section 9.3, ACI 318-77
